Rationale Whereas co-use of alcohol and marijuana is prevalent in adolescents, the effects of such drug co-exposure on ingestive and cognitive behaviors remain largely unexplored. We hypothesized that co-exposure to alcohol and Δ 9 -tetrahydrocannabinol (THC), the main psychoactive constitute of marijuana, alters feeding behavior and cognition differently from either drug alone. Methods Male rats received daily THC (3-20 mg/kg/day) or oil vehicle through subcutaneous injection or consumption of a cookie with access to saccharin or saccharin-sweetened alcohol during adolescence (P30-45). Barnes maze and sucrose preference tests were applied to assess spatial memory and behavioral flexibility and abstinence-related anhedonia, respectively. Results Subcutaneous THC did not affect alcohol intake but dose-dependently increased acute (3 h) chow intake and reduced weight gain. Moderate alcohol consumption reduced the acute hyperphagic effect of subcutaneous THC. By contrast, oral THC at a dose > 5 mg/kg robustly reduced alcohol intake without affecting 3-h chow intake. At this dose, some rats stopped consuming the THC-laced cookies. Furthermore, oral THC reduced weight gain, and co-exposure to alcohol alleviated this effect. Chronic subcutaneous, but not oral, THC reduced sucrose intake during abstinence. Neither treatment impaired cognitive behaviors in the Barnes maze. Conclusion Moderate alcohol and THC consumption can interact to elicit unique outcomes on ingestive behaviors and energy balance. Importantly, this study established a novel model of voluntary alcohol and THC consumption for studying mechanisms underlying the consequences of adolescent onset co-use of the two drugs.
Introduction
Alcohol and marijuana/hashish are among the most widely used drugs. The 2016 National Survey on Drug Use and Health estimates that 81 and 44% of individuals aged 12 or older in the USA have used alcohol or marijuana/hashish at least once in their lifetime, respectively (SAMHSA 2017) . The ease of access to alcohol and the growing popularity and decriminalization of marijuana increase the likelihood for both drugs to be used in combination (Mechoulam and Parker 2003) . Despite this increasing trend, how alcohol and marijuana co-use uniquely affects ingestive and cognitive behaviors in adolescents and young adults remain unclear.
In the human and animal literature, reports on the effects of alcohol on appetite and cognition are mixed (Dry et al. 2012; Spear 2018; Yeomans 2010) . We previously showed that the route of alcohol administration (oral vs. parenteral) and the time Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00213-018-5093-3) contains supplementary material, which is available to authorized users.
course of blood ethanol concentration (BEC) dictate the effects of alcohol on food intake in rats (Nelson et al. 2016) . Rats that drank moderate amounts of alcohol aptly reduced their food intake to maintain their daily caloric intake and weight gain at the level of controls. Furthermore, most rodent studies that reported memory impairments administered a dose of alcohol that rapidly elevates BEC above the defined intoxication threshold of 80 mg/dl (Coleman Jr. et al. 2014; Kuzmin et al. 2012; Pascual et al. 2007) . By contrast, we recently showed that chronic moderate alcohol consumption from adolescence to young adulthood did not alter object recognition memory in rats (Nelson et al. 2017) . How the effects of moderate alcohol consumption on food intake and cognitive behavior will be modified by simultaneous marijuana use is yet to be explored. Δ
9
-tetahydrocannabinol (THC) is one of over 70 known phytocannabinoids derived from the marijuana plant (Cannabis sativa). The psychoactive effects of marijuana are mediated mainly by the actions of THC within the brain endocannabinoid system Manwell et al. 2014b) . THC activates cannabinoid receptor 1 (CB 1 R) in the central nervous system and in select peripheral tissues (Di Marzo and Matias 2005; Merroun et al. 2009 ) to modulate appetite, cognition, and mood (Di Marzo and Matias 2005; Earleywine 2002 ). In healthy human volunteers, smoked marijuana increased consumption of palatable food (Foltin et al. 1988) . In rats, exogenous cannabinoids (THC, WIN 55,212-2, and CP 55,940) dose-dependently increased not only food intake (Merroun et al. 2009; Williams and Kirkham 2002; Williams et al. 1998 ) but also operant responding for sucrose and alcoholic beverages (Gallate et al. 1999; Malinen and Hyytia 2008) . Other rodent studies, however, concluded that CB 1 R agonists either decreases or have no effect on food intake (Drews et al. 2005; Graceffo and Robinson 1998; Rubino et al. 2008 ). These observations underscore the need for more research aimed at dissecting the factors that predict the effects of THC on ingestive behaviors. To our knowledge, the potential for the route of THC administration to dictate the outcome of its interaction with popular appetite-altering compounds (e.g., alcohol) has not been explored.
The effects of THC on cognitive functions are equivocal. The smoking of a 20-mg/kg THC cigarette impaired performance in tests of attention and reaction time (Leirer et al. 1991) , whereas medicinal marijuana use is associated with modest improvement in some aspects of executive function (Gruber et al. 2016) . Notwithstanding, establishing causeeffect relationship between marijuana use and cognitive deficits in humans can be difficult (Earleywine 2002) . Experiments with rodents have also documented cognitive impairment (Han et al. 2012; Murphy et al. 2017) , lack of impairment (Cha et al. 2007) , and even improved spatial memory (Bilkei-Gorzo et al. 2017) following THC exposure. These reports reinforce the idea that, among others, the effects of THC may depend on subtle experimental paradigms like the THC dosage, duration and age of exposure, sensitivity of cognitive tasks employed, and timing of drug exposure relative to behavioral testing.
The purpose of this study is to establish a rodent model of alcohol and cannabinoid co-administration to explore how the route of THC administration (parenteral vs. oral) interacts with the effects of moderate alcohol to modify ingestive and cognitive behaviors. We hypothesized that moderate alcohol consumption would suppress acute chow intake with no effect on daily total caloric intake. Regardless of administration route, THC would dose-dependently increase acute and daily caloric intake, and alcohol would lessen the hyperphagic effect of THC. We further predicted that memory impairments and abstinence-related anhedonia will be severe in rats exposed to combinations of alcohol and THC compared with those only exposed to either drug alone.
Materials and methods

Animal husbandry
Preadolescent male Long-Evans rats weighing 35-50 g (Envigo, Indianapolis, IN, USA) were semi-pair-housed in large polyethylene tubs with transparent Plexiglas cage dividers that contained six spaced-out holes (~4 mm radius) that permitted visual, tactile, and olfactory interactions between cage pairs. This arrangement enabled us to track individual rats' food and fluid intake. All animals arrived at postnatal day 22 (P22) except those used for Experiment 2a which arrived at P25. A total of 148 rats were used-40 each in Experiments 1a and 1b and 32 and 36 in Experiments 2a and 2b, respectively. Colony was maintained in a temperature-and humidity-controlled vivarium on a 12-h:12-h light/dark cycle (lights on at 11:30 AM). Rats had ad libitum access to tap water and a standard rodent chow (3.1 kcal/g; 75.2% carbohydrate, 18.6% protein, and 6.2% fat from soybean oil; 2018 Teklad global rodent diet, Indianapolis, IN, USA) and varying accesses to fluids as described in the Procedures below. Daily animal handling and care occurred at 8:00 AM when body weight, food, and water intakes were recorded. All experiments were approved by IACUC at the University of Illinois at Urbana-Champaign, and they conformed to the guidelines stipulated in the Guide for the care and use of laboratory animals by the National Research Council.
Drug
The contents of 10-mg dronabinol capsules, a commercially available synthetic Δ 9 -tetrahydrocannabinol (Actavis Pharm, Inc.; Parsippany, NJ, USA), were suspended in sesame oil vehicle (Fisher Scientific) for the 3-, 5-, and 10-mg/kg subcutaneous (s.c.) injections. In Experiment 1, the 3-mg/kg THC doses were administered in a volume of 3 ml/kg body weight, while both the 5-and 10-mg/kg doses were administered at a volume of 1.5 ml/kg body weight. In Experiment 2, dronabinol to be overlain on cookies (Goldfish Grahams Fudge Brownie, Pepperidge Farm; Norwalk, CT, USA) was diluted with sesame oil for the 1.5-, 3-, 5-, and 10-mg/kg doses. The 1.5-and 3-mg/kg THC doses were applied onto cookie at a volume of 0.383 ml/kg body weight; the 5-and 10-mg/kg doses were respectively applied at 0.639 and 0.444 ml/ k g b o d y w e i g h t . O i l v e h i c l e w a s a d m i n i s t e r e d isovolumetrically to the different THC doses.
Test fluids: saccharin and alcohol
Saccharin and sweetened alcohol solutions were prepared and presented to the rats as described in the Supplemental Information.
Experimental designs
Experiment 1: chronic moderate alcohol drinking and subcutaneous THC administration, alone or in combination Experiment 1a: spatial learning after chronic alcohol and THC exposure Forty pair-housed rats were habituated to the vivarium for 4 days. At 8:00 AM on the fourth habituation day, a cage divider was inserted in the center of each cage to enable separate tracking of individual animals' intake. Over the next 4 days (P26-29), the animals were entrained to consume 0.1% saccharin along with chow during the last 3 h of the dark cycle (8:30-11:30 AM). After 11:30 AM measurements, saccharin bottles were replaced with water bottles. Rats were assigned to one of four groups (n = 10/group) by matching average body weight and saccharin intake during entrainment: control (CTL) given saccharin and oil injection, ethanol (EtOH) given 10% ethanol and oil injection, THC given saccharin and THC injection, and combination (COM) given 10% ethanol and THC injection. At 8:30 AM from P30 to 45, animals received daily subcutaneous THC or oil injections immediately before test fluid access in their home cages. Chow and test fluid intakes were measured at 11:30 AM (3-h intakes) when test fluids were supplanted by tap water. Drug and test fluid exposures spanned 16 days (P30-45) that overlapped with the onset of adolescence. The 3-mg/kg dose lasted for 8 days, while 5-and 10-mg/kg doses each lasted for 4 days (Rubino et al. 2009; Rubino et al. 2008) . From P32, preputial separation-the complete manual retraction of the prepuce from the glans penis of male rats-was assessed during 11:30 AM measurements to determine how drug exposure would affect puberty onset (Korenbrot et al. 1977) . One rat in the EtOH group was discovered dead at 8:00 AM on P42. Another EtOH rat was accidentally injected with 10 mg/kg THC on P43. The subsequent data from this rat was excluded from analysis. Except during the behavioral tests, chow and water were freely available for 1 week after the last drug exposure day. The experimental timeline is summarized in Fig. 1a .
Blood ethanol concentration
To determine how low-to-moderate THC doses would affect BEC in rats exposed to both drugs concurrently, we measured BEC at different time points. The procedures are detailed in the Supplemental Information.
Behavioral tests
Sucrose preference During abstinence from THC and alcohol, sucrose preference test was used to assess intake of a mildly rewarding sucrose solution (Carlin et al. 2016; Nelson et al. 2017) . On the test days (Fig. 1a) , rats were presented with two bottles, 1% sucrose vs. tap water, immediately after 8:00 AM measurements. The positions of the bottles were alternated on each day to prevent the development of location preference for drinking. After the sucrose preference tests, all rats were returned to ad libitum water access. Sucrose preference (%) was calculated as sucrose consumption sucroseþwater consumption Â 100.
Barnes maze Rats were submitted to the Barnes maze (BM) test to examine the effects of periadolescent alcohol and THC exposure on spatial learning, memory, and cognitive flexibility. The BM has been used by other researchers to assess such behaviors following different experimental manipulations (Coleman Jr. et al. 2014; Kuzmin et al. 2012) . Specifications of the apparatus and procedural details can be found in the Supplemental Information.
Experiment 1b: spatial learning during alcohol and THC exposure
During the BM procedure in Experiment 1a, we noticed that drug exposure during adolescence had no effect on performance. We reasoned that the drug might interfere with BM performance if: (1) we increased the cumulative THC dose administered to the rats, (2) drug exposure overlapped with training in the maze, and (3) spatial memory and cognitive flexibility were assessed a few days after BM training. The 40 rats (n = 10/group) were housed under identical conditions as in Experiment 1a. Habituation and drug administration procedure were also consistent with that of Experiment 1a, except that the THC and COM groups in Experiment 1b received 3, 5, 10, and 20 mg/kg THC injections (s.c.), each dose lasting for 4 days for a total of 16 drug exposure days (Fig. 1b) . Importantly, to minimize THC-induced locomotor depression (Manwell et al. 2014b; Sanudo-Pena et al. 2000) , the 20-mg/kg dose was administered as two separate 10-mg/kg doses. The first was administered at 8:30 AM as per the usual protocol, while the second was given at 9:30 PM (i.e., 2 h before dark onset). Two 48-h sucrose preference tests were performed (Fig. 1b) . Details of Barnes maze procedures in this experiment can be found in the Supplemental Information.
Experiment 2: chronic moderate alcohol drinking and oral THC consumption, alone or in combination Experiment 2a: spatial learning during voluntary alcohol and THC consumption Although smoking or vaping is the preferred route of human THC administration, consumption of edibles laced with cannabis extracts is becoming popular (Grella et al. 2014 ; National Academies of Sciences, Engineering, and Medicine 2017). THC-containing edible products like beverages (tea, coffee), confectionaries (cookie, brownies, candy, chocolate), and cooking condiments are available in states where recreational and medicinal marijuana are legal (Grella et al. 2014; Vandrey et al. 2015) . To enhance the relevance of our model by mimicking this growing pattern of THC ingestion, we sought to administer it to the rats via cookies. The 32 rats (n = 8/group) were aged P25 at arrival. The drug treatment timeline employed here was consistent with that of Experiment 1b, except that drink training began on P26. The initial plan was to present rats with cookie overlaid with 3, 5, 10, and 20 mg/kg/day THC in their home cages. Each dose was to last for 4 days, and the 20-mg/kg/day THC was to be given as two 10-mg/kg doses. After the first 5-mg/kg/day THC consumption, THC and COM rats consumed less test fluids which became pronounced after the first two 10 mg/kg/ day doses when food intake also reduced (see Results). Consequently, we modified our protocol to where lower THC doses were provided to the same rats twice a day: 1 h after the end of test fluid consumption, i.e., 1 h after light onset (12:30 PM), and 3 h before dark onset (9:00 PM). We also reduced the concentration of sweetened alcohol solution from 10 to 5% to mitigate any potential aversive effects caused by the interaction of THC (and its metabolites) and the higher alcohol concentration (Fig. 2a) . The 5% alcohol solution was first introduced to the EtOH and COM rats on P40 when oil cookie was provided to all groups. Under this modified protocol (P41-45), rats were first presented with 3-h access to saccharin or 5% alcohol solution (8:30-11:30 AM). After chow and test fluid intakes were recorded, the first and second THC-laden cookies of the day were respectively presented at 12:30 and 9:00 PM. Barnes maze setup and timeline were consistent with that of Experiment 1b. Except for days of sucrose preference tests (Fig. 2a) , chow and water were freely available during a 2-week abstinent period. (CTL and COM, n = 10/group; EtOH and THC, n = 8/ group) were entrained to the new drug exposure schedule. Immediately after daily care during the 4-day training period, rats had 3-h access to 0.1% saccharin solution and chow (last 3 h of the dark cycle, 8:30-11:30 AM). Following measurement of chow and saccharin consumption, the first and second oil-laden cookies were respectively provided at 12:30 PM and 9:00 PM. During the 16-day treatment period, rats first had 3-h access to saccharin or sweetened 5% alcohol solution followed by a cookie laced with oil or THC (1.5, 3, or 5 mg/kg) presented twice per day at 12:30 PM and 9:00 PM (Fig. 2b) . Each cumulative daily dose of 3, 6, 8, and 10 mg/kg THC lasted for 4 days. To ascertain how oral THC consumption would affect BEC kinetics, we measured BEC at different timepoints (see Supplemental Information). Barnes maze test was not performed in Experiment 2b. Except for days of sucrose preference tests (Fig. 2b) , rats had ab libitum access to chow and water for 3 weeks following the last drug exposure day.
Plasma levels of THC and its metabolites
In Experiments 1b and 2b, tail blood was collected shortly after light onset on the day after the last THC exposure (i.e., 14 h after). This timing for blood collection was chosen mainly because it coincided with a period when daily measurements were performed. The blood samples were centrifuged, and plasma was immediately stored at − 80°C. Lipid components of the plasma samples were extracted, and levels of THC, 11-OH-THC, and THC-COOH were quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) as we have previously done (Arnold et al. 2018; Tiscione et al. 2016) .
Statistical analyses
In Experiment 1, daily caloric intake in CTL and THC rats consisted of calories from chow (3.1 kcal/g), while EtOH and COM rats consumed calories from chow and alcohol (7 kcal/ g). The loss of one rat and the mishap during THC injection in BConsumers^of THC-laden cookie, respectively. The transition from paradigm 1 to 2 occurred on P40. b Manipulations in Experiment 2b (CTL, n = 10; EtOH and THC, n = 8/group; COM, n = 7) are indicated in the solid boxes and bottom table. Barnes maze testing was not performed Experiment 1a reduced the number of EtOH rats to 8. In Experiment 2, daily caloric intake in CTL and THC rats included calories from chow and cookie (4.7 kcal/g), while EtOH and COM rats consumed calories from chow, cookie, and alcohol. The inconsistency with which rats consumed THC cookies prompted us to apply separation or exclusion criteria (see Experiment 2 results below). In Experiment 2a, the respective final sample sizes of the THC and COM cookieconsuming groups (THC_C and COM_C) were 5 and 4 and that of the cookie-avoiding groups (THC_A and COM_A) were 3 and 4. In Experiment 2b, the final sample size of the COM group was 7. The dose-response effects of THC on alcohol, saccharin, and caloric intakes were analyzed using the average value from the respective doses. These intake analyses were repeated with body weight-adjusted intakes, which were computed as intake per 100 g body weight of individual rat.
Alcohol, saccharin, and caloric intake during treatments were analyzed by one-way ANOVA (paradigm 2 of Experiment 2a) or by two-way repeated measures ANOVA with treatment as a between-subject factor and THC dose or day as the repeated measure. Likewise, Barnes maze data were analyzed by two-way repeated measures ANOVA with treatment as a between-subject factor and trial session as the repeated measure. Significant main effects and interactions (p < 0.05) were accompanied with Tukey's HSD post hoc tests. The effects of specific THC dose on caloric intake, alcohol intake, and BEC were determined by one-way ANOVA, as was analysis of weight gain during treatment, and caloric intake and weight gain during abstinence. Sucrose preference and fluid intakes during the preference tests were also analyzed one-way ANOVA. Plasma levels of THC and its major metabolites were analyzed via Student's t test. Pearson correlation was used to assess the linear relationship between ethanol dose and the ensuing BEC. Data are presented as mean ± standard error of the mean (SEM). Analyses were conducted in Statistica 13.1 (TIBCO Software Inc., Palo Alto, CA, USA).
Results
Experiment 1: chronic moderate alcohol drinking and subcutaneous THC administration, alone or in combination Subcutaneous THC reduced saccharin intake but had no effect on alcohol intake and BEC
In Experiments 1a and 1b, THC and CTL groups increased their saccharin intake across treatment days [F(2, 36) = 40.33 and F(3, 54) = 21.24, respectively; both p < 0.0001]. Compared with the CTLs, subcutaneous THC reduced saccharin intake in Experiment 1b [F(1, 18) = 7.83, p < 0.02] but not in 1a. The above result held true for body weight-adjusted saccharin intakes. Ethanol consumed by EtOH and COM rats did not differ at any of the administered THC dose (Figs. 3a and 5a ). Subcutaneous THC had no effect on BEC, which mostly correlated with the ingested alcohol dose (Fig. 3b, c) . More details are included in the Supplemental Information.
Subcutaneous THC stimulated short-term chow intake but reduced weight gain Subcutaneous THC dose-dependently increased while moderate alcohol consumption reduced 3-h chow intake in Experiments 1a [group and group × time, F(3, 35) = 14.16 and F(6, 70) = 5.47, respectively; both p < 0.0002; Fig. 3d ] and 1b [group and group × time, F(3, 36) = 11.46 and F(9, 108) = 3.55, respectively; both p < 0.0007; Fig. 5b ]. In both experiments, the reduced caloric intake by the EtOH group relative to the CTL group (post hoc, both p < 0.02) did not persist when alcohol calorie was included. The respective hyperphagic and hypophagic effect of THC and alcohol appeared to oppose each other as chow intake of the COM group did not differ from that of the CTLs in both experiments. The significant main effects in 3-h chow intake outlined above persisted when intake was adjusted to individual body weight.
Regardless of body weight adjustment, daily caloric intake did not differ between groups. In parallel with the total daily caloric intake results of Experiment 1a, there were no group differences in weight gain during drug exposure. In Experiment 1b, however, THC and COM rats gained less weight than did CTL and EtOH rats [F(3, 36) = 7.84, p < 0.0004; post hoc, all p < 0.02; Fig. 5c ].
Subcutaneous THC reduced sucrose intake during abstinence
Abstinence from chronic subcutaneous THC and voluntary alcohol drinking had no effect on sucrose preference as all groups preferred 1% sucrose solution to plain water during the 48-h sucrose preference tests. In Experiment 1a, subcutaneous THC, but not moderate alcohol drinking, reduced sucrose consumption in the THC and COM groups compared with the CTL group [F(3, 33) = 4.46, p < 0.01; post hoc, p = 0.058 and < 0.05, respectively; Fig. 4a ]. THC and COM groups consumed less total fluid compared with the CTL group [F(3, 33) = 4.25, p < 0.02; post hoc, p = 0.086 and < 0.04, respectively]. These effects persisted with body weight-adjusted analyses.
In the first sucrose preference test of Experiment 1b (P47-48), THC rats consumed less sucrose and total fluid than did the CTL and EtOH rats [sucrose: F(3, 36) = 8.37, p < 0.0003; post hoc, p < 0.02 and 0.0004, respectively; total fluid: F(3, 36) = 10.21, p < 0.0001; post hoc, p < 0.02 and 0.0002, respectively; Supplemental Fig. S4 ]. In the second sucrose preference test (P54-55), THC rats also consumed less sucrose and total fluid compared with the CTL and EtOH groups [sucrose: F(3, 36) = 5.37, p < 0.004; post hoc, p < 0.04 and 0.004, respectively; total fluid: F(3, 36) = 5.18, p < 0.005; post hoc, p < 0.05 and 0.004, respectively; Fig. 4b ]. All the significant main findings outlined above held true for body weight-adjusted sucrose and total fluid intakes.
Subcutaneous THC, moderate alcohol, and their combination had no effect on Barnes maze performance A synopsis of the results can be found in the Supplemental Information (Figs. S2 and S3 ).
Experiment 2: chronic moderate alcohol drinking and oral THC consumption, alone or in combination
Individual differences in voluntary THC consumption
Simultaneous cookie and test fluid exposure (paradigm 1) During the 16-day treatment period, all CTL and EtOH rats that received oil cookie consumed it within 1 h. Six of the eight THC rats and five of the eight COM rats that received cookie overlaid with 3, 5, and the first 10-mg/kg THC consumed it within 3 h. One THC and three COM rats utterly avoided the 10-mg/kg THC cookie.
Cookie exposure following test fluid access (paradigm 2 and Experiment 2b) When this schedule of drug exposure was implemented during the last 5 days of Experiment 2a (Fig. 2a) , three THC and four COM rats sporadically had bits of leftover THC-laden cookies. Thus, we separated both groups into cookie consumers (THC_C, n = 5; COM_C, n = 4) and cookie avoiders (THC_A, n = 3; COM_A, n = 4). The Bcookie avoiders^were rats with leftover cookies on two or more days. Throughout Experiment 2b (Fig. 2b) , except for three COM rats that intermittently had bits of leftover cookies, all rats that received THC cookie consumed it before the next cookie was provided.
Oral THC dose-dependently reduced alcohol intake when alcohol was simultaneously consumed with THC-laden cookie
In Experiments 2a and 2b, THC and CTL rats increased their saccharin intake across treatment days [F(2, 24) = 9.52 and F(3, 48) = 42.51, respectively; both p < 0.001]. Weight-adjusted analyses of saccharin intake revealed no significant group differences, but THC rats tended to consume less saccharin in Experiment 2a [F(1, 12) = 3.60, p = 0.08]. The effect of oral THC on alcohol consumption depended on the temporal order of Fig. 3 Chronic subcutaneous THC and voluntary alcohol consumption, alone or when combined, differently affected caloric intake and weight gain (Experiment 1a: EtOH, n = 8; CTL, THC, and COM, n = 10/ group). a EtOH and COM rats consumed similar doses of sweetened 10% alcohol. b Blood ethanol concentration (BEC) correlated with 1-h alcohol intake in the EtOH group. c BEC correlated with 3-h alcohol intake in the EtOH group and with 3-h alcohol intake in the COM group after subcutaneous 10 mg/kg THC. d THC injection dosedependently stimulated 3-h chow intake. Alcohol consumption reduced 3-h chow intake and blunted the hyperphagic effect of THC. THC vs. EtOH and COM: *p < 0.004; CTL vs. EtOH and THC: #p < 0.03 their consumption. Under paradigm 1 of Experiment 2a when sweetened 10% alcohol solution and THC-laden cookies of increasing doses were simultaneously available, COM_C rats progressively reduced their alcohol consumption compared with the EtOH rats [group and group × time, F(1, 11) = 8.33 and F(2, 22) = 5.37, p < 0.02, respectively; both p < 0.02; Fig. 6a ]. Throughout paradigm 2 of Experiment 2a when rats consumed sweetened 5% alcohol solution before THC-laden cookies, both COM_C and COM_A rats continued to consume less alcohol compared with the EtOH rats [F(2, 103 = 8.00, p < 0.006; Fig. 6c ]. Although EtOH rats appeared to reduce their alcohol intake when the concentration of alcohol solution was reduced from 10% (cookie simultaneously available) to 5% (cookie not simultaneously available), the COM rats still consumed significantly less alcohol. When alcohol was presented prior to THC-laden cookies of increasing doses in Experiment 2b, the EtOH and COM rats consumed similar alcohol doses, i.e., intake was not THC dose-dependent (Fig. 7a) . Oral THC had no effect on BEC (Fig. 7b) , and see the Supplemental Information for more details.
Oral THC, moderate alcohol, and their interaction reduced short-term chow intake
The temporal order of THC and alcohol consumption differently affected 3-h chow intake. In paradigm 1 of Experiment 2a, the EtOH group consumed less 3-h chow compared with the CTL and THC groups [F(3, 23) = 8.93, p < 0.0005; post hoc, both (EtOH, n = 8; CTL, THC, and COM, n = 10/group). THC vs. CTL: p = 0.058; COM vs. CTL: *p < 0.05. b Results from the second test in Experiment 1b (n = 10/group). THC vs. CTL and EtOH: *p < 0.05 Fig. 5 Chronic subcutaneous THC and voluntary alcohol consumption, alone or when combined, differently affected caloric intake and weight gain (Experiment 1b: n = 10/group). a EtOH and COM rats consumed similar doses of sweetened 10% alcohol solution. b THC injection dose-dependently increased 3-h chow intake only in the COM relative to the EtOH group. Alcohol consumption reduced 3-h chow intake, but THC averted the hypophagic effect of alcohol. THC vs. EtOH: *p < 0.05; EtOH vs. COM: @ p < 0.05; CTL vs. EtOH: # p < 0.02. c Subcutaneous THC suppressed weight gain in the THC and COM groups. THC or COM vs. CTL or EtOH: *p < 0.02 p < 0.004; Fig. 6b ]. But in paradigm 2, EtOH, THC, and COM groups consumed less 3-h chow relative to the CTLs [F(5, 26) = 9.72, p < 0.0001; post hoc, all p < 0.008; Fig. 6d ]. In Experiment 2b, although THC-laden cookies were not available during the last 3-h of the dark cycle, COM and EtOH rats consumed less 3-h chow compared with the CTLs [F(3, 29) = 3.64, p < 0.03; post hoc, p < 0.03 and =0.086, respectively; Fig. 7c ]. However, this treatment effect was only marginal (p = 0.089) with body weight-adjusted analyses.
In Experiment 2a, daily caloric intake and weight gain were unaffected during drug exposure and the 2-week abstinent period. In Experiment 2b, THC rats consumed fewer daily calories compared with the CTLs [F(3, 29) = 3.71, p < 0.03; post hoc, p < 0.03], but this effect became insignificant when the intake data was adjusted by body weight. However, the THC rats gained less weight [F(3, 29) = 3.77, p < 0.03; post hoc, p < 0.02; Fig. 7d ] compared with the CTLs. Such group difference in weight gain did not persist into the third week of abstinence.
Oral THC, moderate alcohol, and their combination had no effect on sucrose intake during abstinence A synopsis of the results can be found in the Supplemental Information (Fig. S5) .
Oral THC, moderate alcohol, and their combination had no effect on Barnes maze performance A synopsis of the results (Experiment 2a) can be found in the Supplemental Information.
THC, alcohol, or their combination did not alter age of puberty onset
Pre-pubertal drug treatment had no effect on the age of puberty onset in Experiments 1 and 2. The average age of puberty onset was 37 days (P34-41 among rats in all four groups) in Experiment 1 and 38 days (P33-42) in Experiment 2.
Subcutaneous and oral THC resulted in significant plasma cannabinoid levels Significant plasma levels of THC and THC-COOH were detected 14 h after injection of 10 mg/kg (Experiment 1b) or access to a 5-mg/kg THC-laced cookie (Experiment 2b) in both THC and COM rats (Table 1) . However, significant levels of 11-OH-THC were detected only in rats that received THC injection. Finally, 11-OH-THC levels were significantly Fig. 6 Chronic oral THC consumption reduced alcohol intake, while alcohol alone or when combined with oral THC reduced 3-h chow intake (Experiment 2a: CTL and EtOH, n = 8/group; THC_C, n = 5; THC_A, n = 3; COM_C and COM_A, n = 4). a In paradigm 1 (P30-39), COM_C rats consumed lower doses of sweetened 10% alcohol solution than did EtOH rats: *p < 0.009. COM_C rats also consumed reduced alcohol doses during 5 and 10 mg/kg/day THC consumption than they did during 3 mg/kg/day THC consumption:^p < 0.03. b Moderate 10% alcohol consumption suppressed 3-h chow intake in EtOH rats. EtOH vs. CTL and THC_C: *p < 0.03. c When THC or oil cookie was consumed after sweetened 5% alcohol access in paradigm 2 (P40-45), COM_C and COM_A rats continued to consume less alcohol than the EtOH rats did. EtOH vs. COM_C and COM_A: *p < 0.05. d The EtOH, THC_C, COM_C, and COM_A groups consumed significantly lower 3-h chow compared with the CTLs. CTL vs. EtOH, THC_C, COM_C, and COM_ A: *p < 0.008; THC_A vs. COM_C and COM_A:^p = 0.055 and 0.050, respectively lower in the COM group compared with the THC group [t (9) = 3.96, p < 0.01] when THC was injected subcutaneously.
Discussion
The present study is the first to examine the effects of adolescent alcohol and THC exposure, alone or when combined, on ingestive and cognitive behaviors in adolescent male rats. It revealed that the effects of co-exposure to the two drugs on ingestive behaviors depend on the route of THC administration. Consistent with our hypothesis, moderate alcohol suppressed acute chow intake and subcutaneous THC dosedependently induced acute hyperphagia without affecting alcohol intake. By contrast, oral THC can alleviate the hypophagic effect of moderate alcohol, but doses higher than 5 mg/kg blunted alcohol intake. These drug administrations did not significantly change total daily caloric intake. However, higher cumulative doses of subcutaneous and oral THC suppressed weight gain. Inconsistent with our hypothesis, co-exposure to alcohol and subcutaneous or oral THC did not impair spatial learning and memory in a Barnes maze. Finally, chronic subcutaneous but not oral THC reduced intake of 1% sucrose solution during abstinence, with no significant interaction with alcohol.
Caloric intake
The route and schedule of THC administration dictated its dose-dependent effects on caloric intake in rats. Results of Experiment 1 indicate that rats compensated for the immediate hyperphagic effect of THC by reducing chow intake during the subsequent period of the day. The acute hyperphagic effects of subcutaneous THC injection concur with early studies with low dose (< 1 mg/kg) intraperitoneal THC injection in rats (Jarbe and DiPatrizio 2005) . Other studies with THC doses > 1 mg/kg, however, reported no change or reduced food intake immediately following intraperitoneal THC injection (Drewnowski and Grinker 1978; Graceffo and Robinson 1998) . Thus, compared with intraperitoneal injection, higher doses (> 5 mg/kg) of subcutaneous THC are required to produce immediate increase in appetite.
Previous studies have shown that oral gavage of THC increases short-term (within 2 h) food intake at a dose as low as 0.50 mg/kg in adult rats (Farrimond et al. 2010; Williams et al. 1998) . By contrast, in Experiment 2a, voluntary oral THC consumption did not produce immediate (3 h) hyperphagia. The progressive increase in food intake during adolescence may mask the moderate hyperphagic effects of oral THC that may appear given a larger sample size. Furthermore, the use of calorie-rich cookie (~4 kcal/cookie) to deliver THC might have precluded a hyperphagic response by making the rats Fig. 7 Chronic oral THC consumption mildly reduced alcohol intake and suppressed caloric intake and weight gain (Experiment 2b: CTL, n = 10; EtOH and THC, n = 8/group; COM, n = 7). a EtOH and COM rats consumed similar doses of 5% alcohol solution. COM rats consumed lower alcohol doses during 6 and 10 mg/kg/day THC consumption than during 3 mg/kg/day THC consumption: p < 0.008. b BEC correlated with 1-h alcohol intake in the EtOH group. c Drinking 5% alcohol reduced 3-h chow intake and augmented the somewhat hypophagic effect of oral THC. CTL vs. EtOH: p = 0.086; CTL vs. COM: *p < 0.03. d THC consumption suppressed weight gain in the THC group compared with the CTLs: *p < 0.02 consume less chow. But it is unlikely that the calorie from cookie masked the hyperphagic effect of THC because the rats could consume greater than 20 kcal as shown in Experiment 1 or greater than half of their daily energy intake within 15 min when they are hyperphagic (Liang et al. 2013) .
The divergent effects of subcutaneous versus oral THC on caloric intake may relate to the bioavailability and pharmacokinetic profiles of THC. Compared with injected or inhaled THC, orally consumed THC peaks slowly in plasma (Grotenhermen 2003; Manwell et al. 2014a ). The lipophilic nature of THC permits its easy permeation across the bloodbrain barrier. Thus, the timeline of plasma THC and its major active metabolite (11-OH-THC) reflects changes to brain levels (Tseng et al. 2004; Wiley and Burston 2014) where they act on select brain regions that regulate appetite and motivation (Di Marzo and Matias 2005; Kirkham et al. 2002; Wenzel and Cheer 2018) . THC can either stimulate or suppress appetite depending on the relative proportion of presynaptic glutamatergic or GABAergic terminals on which it acts and the ensuing effects on hormone signaling (Bellocchio et al. 2010; Gatta-Cherifi and Cota 2015) . Moreover, cannabinoid activities in mitochondria and glia, hepatocytes, adipocytes, myocytes, and other tissue types are involved in energy balance regulation [reviewed in (Gatta-Cherifi and Cota 2015) ]. The effects of THC on food intake in rodents are complex and can be dictated by an array of biological and methodological factors. Our novel voluntary alcohol and THC co-use model will be useful for studies aimed to explore the underlying biological mechanisms that mediate the effects of oral drug consumption. As an added advantage, our model can be adapted to explore dose-dependent effects of alcohol and THC co-use on behavior and energy balance.
Saccharin and alcohol intake
The results that THC administered subcutaneously or orally could reduce saccharin intake contradict previous reports that systemic or central administration of endocannabinoid or THC increases intake and palatability of sweet solutions (Gallate et al. 1999; O'Brien et al. 2013; Shinohara et al. 2009 ). Likewise, that oral THC can robustly reduce alcohol intake contrasts with previous findings where systemic injection of CB 1 R agonists increases voluntary ethanol drinking (Colombo et al. 2002; Linsenbardt and Boehm 2nd 2009) . These intake suppression effects, however, are in line with the notion that THC can be aversive for rodents. Intraperitoneal injection of THC can support conditioned taste as well as place aversion in both rats and mice (Han et al. 2017; Manwell et al. 2014b; Wakeford and Riley 2014) . Although the procedures in our experiments were not specifically designed to examine the aversive property of THC, the results of alcohol intake support that rats are more tolerant to the aversive effects of subcutaneous than of oral THC. Conversely, alcohol may enhance the aversive effects of THC because more COM than THC rats stopped eating THC-laced cookies in Experiments 2a (4 vs. 3 rats) and 2b (3 vs. 0 rats). This phenomenon, colloquially termed being Bcrossfaded,^can manifest in individuals who simultaneously use alcohol and cannabis to achieve an enhanced high (Patrick et al. 2018) . It may result from high-potency or high-dose THC interacting with alcohol to reverse the rewarding effects or to potentiate the aversive effects of their combined use. The dosedependent effect of oral THC in reducing alcohol intake suggests that the phenomenon is not likely due to cookie availability. Additionally, the unchanged alcohol intake following subcutaneous 20 mg/kg/day THC administration that resulted in higher plasma levels of THC and its active metabolite than oral 10 mg/kg/day THC did suggests that the sedative effect of THC played a minor role in the robust alcohol intake reduction following oral THC administration.
Sucrose preference
As we previously observed (Nelson et al. 2017) , abstinence from chronic moderate alcohol consumption did not elicit behavioral anhedonia measured by sucrose preference (Kang et al. 2016 ). Here we did not observe an effect on sucrose preference following abstinence from chronic THC, alone or when combined with moderate alcohol intake. Our findings are consistent with the report that chronic combined moderate alcohol consumption and marijuana smoking had no influence on mood in humans (Chait and Perry 1994) . We also found that rats previously exposed to subcutaneous, but not oral, THC consumed less sucrose during abstinence compared with Data are mean (± SEM) concentrations (ng/ml) in each treatment group (n = 5-6) nd non-detectable *p < 0.01, significantly different from each other according to Student's t test controls. Such behavioral manifestation may resemble an endophenotype of psychophathology and a sequela of drug abstinence (e.g., avolition) (Renard et al. 2014; Renard et al. 2017) . However, other factors such as changes in taste detection and perception can contribute to the reduced sucrose intake. This is the first study to demonstrate changes in sucrose intake during abstinence from THC and its combined use with alcohol. The differential effects of subcutaneous and oral THC and their interaction with moderate alcohol to affect sucrose intake during abstinence warrant further investigation.
Learning, memory, and behavioral flexibility
Cognitive dysfunction is a predisposing factor for drug use disorder, and it contributes to poor addiction treatment outcomes (Spear 2018) . Our study is the first to investigate the combined effects of chronic THC and moderate alcohol exposure on cognitive functions assessed in the Barnes maze during adolescence. Surprisingly, exposure to neither drugs impaired spatial learning, memory, and behavioral flexibility (see Supplemental Figs. S2 and S3). Several factors may explain our inability to detect behavioral impairments in the rats, including the ease of the Barnes maze tasks we employed and the fact that THC is a partial CB 1 R agonist. In parallel with the second point, cognitive deficits occur when potent CB 1 R agonist such as WIN 55,212-2 and CP 55,940 are used (O'Shea et al. 2004; Tomas-Roig et al. 2017 ). Finally, the coincident peak blood THC and alcohol concentrations attained in this study might have been subthreshold to that required to uncover interactive effects between THC and moderate alcohol (Ramaekers et al. 2006 ).
Conclusion
Co-use of alcohol and cannabis is in vogue despite the lack of empirical data on how it affects brain and behavior. In establishing novel rodent models of THC and alcohol co-use, we found that injected or orally administered THC can dosedependently interact with alcohol to differently influence feeding behaviors. Importantly, our established method of voluntary THC and alcohol ingestion is an improvement over two recent involuntary co-administration models (Khatri et al. 2018; Swartzwelder et al. 2012 ) and closely recapitulates the manner of human consumption. Our methods can be easily adapted for investigations of the behavioral, metabolic, and neurobiological mechanisms of joint alcohol and cannabinoid use in adolescent and adult subjects.
